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Abstract
Local roads are designed based on technical requirements determined by the assumed design speeds. However, the actual speeds 
of vehicles on these roads are usually significantly greater. Results of the research conducted by the authors show that the 
differences are as large as 20 – 40 km/h. Inconsistency of geometric solutions of the roads with actual speeds causes presence of 
accidents at sections with the greatest differences between the design and actual speed.
The abovementioned circumstances led to undertaking of research which aimed at the following:
x Assessment of geometric solutions' influence on speed on roads with low design speed;
x Speed change assessment on road sections with large differences between the design and actual speeds using speed as 
a surrogate road safety measure;
x Analysis of the need to change the current practice of assuming the value of the speed for the design, based on empirical data
and speed prediction models.
As a result of the research, recommendations for selection of speed for the design with respect to road function have been 
developed, in lieu of currently used values of design speed. The range of applied speeds for the design at local roads was limited 
to 60 – 70 km/h. Cases in which local speed limits are necessary have also been shown.
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1. Introduction
Local roads (both county and municipal) are an important part of road infrastructure in Poland. Together they 
constitute 88% (over 336,000 km) of total length of all public roads in Poland. These roads are usually connections 
between smaller towns, complementing a network of regional and national roads.
Operating and geometric parameters, characterizing non-urban sections of county and municipal roads, differ 
greatly from those shaping the traffic on urban and national roads or highways. In suburban areas they are an 
important element in the road network, by leading traffic from these areas to the cities. The traffic volume on these 
roads is small and in most cases it does not exceed 2,000 AADT (average annual daily traffic).
Despite the small traffic volume on these roads, accidents which occur on them constitute about 65% of all 
accidents in Poland. The main factor contributing to road accidents on these roads is speeding. Failure to adapt speed 
to prevailing traffic conditions is the most frequently mentioned factor causing traffic accidents (approx. 30% of all
accidents). The reason for this may be the lack of project requirements which would take into account the actual 
speeds chosen by the drivers on these roads.
In case of roads of lower technical classes, which are local roads (county and municipal) and some regional roads, 
it is common project practice that the technical requirements are determined by the assumed design speeds (Vd is 
used to determine boundary values of geometrical elements of the road), which in Poland are 30, 40 or 50 km/h. For 
these roads, an operating speed (the most common measure is 85th percentile of observed speed), which would make 
it possible to design a road with requirements similar to behavioral targeting, is not determined. Moreover, the 
general speed limits are higher than the assumed design speeds and are equal to 90 km/h outside and 50/60 km/h 
within the built-up areas, which contributes to higher vehicle speeds. In urban areas, the speed of vehicles is usually 
limited by the presence of intersections, traffic signals, local speed limits, automatic enforcement (speed cameras) 
and traffic calming elements. However, the speeds chosen at the local rural roads are mainly determined by the 
geometrical arrangements of the road - curvature of the road, lane width, longitudinal slope, and also by visibility 
and surface conditions. Among these factors, many refer to the curvature as a factor having the greatest impact on 
the speed and its variation along the road (TRB, 2011). Apart from the curvature, the type of cross-section of the 
road is usually the second most important factor for speed selection. However, in case of roads with low traffic 
volumes, it appears that high speeds are recorded even on narrow lanes, due to the lack of effect of vehicles traveling 
from the opposite direction. An important specificity of local roads is their adjusting to local ground conditions. In 
result, not only highly curvature roads are created but also roads with long straight sections and curves, typical for 
higher class of roads. 
As a result of the abovementioned conditions, the actual vehicles’ speeds are often much greater than the design 
speeds, assumed as a part of the design standards. Incompatibility of geometric solutions of the roads with the actual 
speeds causes accident occurrences at sections with the greatest differences between the design and actual speeds
(Ambros, et al., 2015).
The abovementioned circumstances led to undertaking of research which aimed at the following:
x Assessment of geometric solutions' influence on chosen traffic parameters on roads with low volume and low 
design speed;
x Speed change assessment on road sections with large differences between the design and actual speeds using 
speed as a surrogate road safety measure;
x Analysis of the need to change the current practice of assuming the value of the speed for the design, based on 
empirical data and speed prediction models.
As a conclusion of this research, recommendations for the design speed selection with respect to road function 
have been developed, in lieu of currently used values of design speed. The range of applied speeds for the design at 
local roads was limited to 60 – 70 km/h. Cases in which local speed limits are necessary due to the influence of 
geometrical parameters of horizontal alignment (curves and tangents) on speed changes, are indicated.
Inaccuracies of recording the data relating to accidents on local roads restrict the ability to accurately analyze 
traffic safety on these roads. It is extremely difficult or even impossible to develop accident prediction models 
explaining the effect of different characteristics of roads on accident rates. Therefore, in the description of the 
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hazards of traffic safety on local roads, surrogate safety measures can be very useful. One of these measures is the 
vehicle speed: namely, the speed in comparison to the characteristics of the road and the differences in speeds 
between sections of roads with various characteristics. With use of models for estimating the speed depending on the 
geometric characteristics of roads, it is possible to identify road sections where very high speeds, increasing the risk 
of accidents, occur. These differences can be very large because of the specific nature of traffic on local roads, i. e. 
very high speeds on straight sections and the occurrence of curves with parameters enforcing low speeds. Speed 
prediction models, relating to segments of homogenous characteristics, were developed. The following are defined 
as homogeneous sections: straight sections, sections with a single horizontal curve and sections with a series of 
curves.
Speed prediction models may also be useful in speed management, i. e. when planning the local speed limits. This 
is particularly true of local speed limits with graded values, so as to ensure a smooth change in speed between the 
segments with significantly different geometrical characteristics.
2. Literature review
Research and studies on speeds focus primarily on identifying the determinants of speed choice by vehicle drivers 
in free-flow traffic conditions. Understanding these determinants helps to ensure that the geometric characteristics of 
the road match the expectations of drivers, depending on the features and technical class of the road. These issues are 
addressed in numerous works collected in TRB 2011, but few of them refer to local roads with low traffic volumes. 
Generally, the following characteristics are considered to have the dominant influence on the speed choice by drivers 
in a free-flow traffic: the width of the roadway; curvature of the road; driveways density; the density of intersections; 
location of the road (rural, suburban, urban); character of the road surroundings development (Fitzpatrick et al., 
2003; TRB 2011). General and local speed limits are also identified as determinants of the speed choice but the
effectiveness of these limits is in many cases a matter of concern. Therefore, additional measures are being 
implemented to enforce adherence of drivers to general or local speed limits. Such measures require additional 
funding and are therefore used on roads with high traffic volumes and areas of increased levels of traffic safety 
hazards. In contrast, in case of local roads with low traffic volumes, low cost speed management measures are 
necessary. One solution might be to apply reduced technical standards of design, so as to facilitate recognition of the 
functions and the classes of roads by the drivers - an unambiguous message about a low grade road with a low 
design speed. Such an approach is included, among others, in the new guidelines for road design in Germany – RAL 
(2012). An approach suggested by FGSV in RAL (2012) is aimed to eliminate an undesirable phenomenon of large 
speed differences between the designed speed and the one expected by the drivers; it is described in more detail also 
by Fitzpatrick et al. (2005) and Porter et al. (2012). A large number of studies was devoted to the design of roads 
meeting the requirements of the so-called design consistency. The geometric design consistency concept is related to 
the difference of speeds between successive road sections and the difference between the design speed and/or 
operating speed (V85), and is closely related to traffic safety. In their work, Lamm et al. (1999) define the 
classification of safety criterion, as shown in Table 1. Safety Criterion compares the 85th-percentile speed (V85) with 
the design speed (Vd) for each individual curved or tangent site or evaluates the speed difference |V85i – V85i+1|
between the 85th percentile speeds of successive design elements.
Table 1. Classification of safety criterion (Lamm et al., 2007).
Design Symbol Speed difference [km/h] Design (CCRs)-class [gon/km]
Good + |V85i – Vd_ |V85i – V85i+1_ |CCRsi – ØCCRs_ |CCRsi – ØCCRsi+1_
Fair o 10 <|V85i – Vd_ 10 <|V85i – V85i+1_ 180 <|CCRsi – ØCCRs_ 180 <|CCRsi – ØCCRsi+1_
Poor - |V85i – Vd| > 20 |V85i – V85i+1| > 20 |CCRsi – ØCCRs| > 360 |CCRsi – ØCCRsi+1| > 360
where:
CCRs – curvature change rate of the single circular curve with transition curves [gon/km]
ØCCRs – average curvature change rate of the single circular curve with transition curves for the observed roadway section [gon/km]
The ability to estimate the operating speed on rural roads – both planned and existing ones - allows assessment of 
the traffic performance, as well as the economic assessment, the cost of travel, forecasting traffic impacts on the 
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environment and predicting accident risk. These models are developed mainly in relation to roads with greater 
performance importance and are summarized in (TRB, 2011). The most common variables in the models for 
estimating the operating speed, are: curvature, width of the road, sight distance, terrain and road surrounding (TRB, 
2011). International literature rarely analyses speeds on roads with low traffic volume. Examples of such research 
include Praticò and Giunta (2011), who demonstrated a relationship between the operating speed and the design 
speed, making the operating speed value dependent on the radius of the curve and on the longitudinal slopes. They 
have demonstrated a significant impact of the curve radius on the spread of the values of the operating speed. In 
a different study Discetti et al. (2011) pointed to the significant influence of sight distance on an approach to a curve 
on road safety. Relationship between operating speeds on horizontal curves and limited sight distance was 
investigated. They also pointed to the necessity of estimating the actual speed on these roads in order to evaluate 
traffic safety. 
Research performed with use of the GPS technique, carried out to model the speeds (Cafiso and Cerni, 2012; 
Camacho-Torregrosa et al., 2010), to evaluate the design consistency (Cafiso et al., 2005, Pérez-Zuriaga et al., 2010) 
and its relationship to traffic safety (Cafiso and La Cava, 2009; Ambros, et al., 2015) is often performed and 
indicates a vast spectrum of applications of this method, especially in case of parallel use of data to assess geometric 
parameters of curves (Castro et al., 2006). Due to the lack of project documentation permitting a verification of the 
geometrical parameters for the analyzed road sections, such an approach was applied for their inventory.
3. Characteristics of local roads with low traffic volume in Poland
Local Polish roads are characterized by low geometric parameters, as it is often the case in other countries, and 
especially: 
x Low traffic volume, rarely exceeding 2,000 AADT. Most often these are the same road users, who know each 
road section very well;
x Long straight sections with locally occurring very curved sections;
x Roads of 5.5-6.0 m in width and very narrow unpaved shoulders (less than 1.0 m);
x Very low standard or no horizontal markings;
x Locally occurring intensive pedestrian activity;
x General speed limit of 90 km/h outside and 50/60 km/h within build-up areas. The technical parameters of the 
road are not selected based on the speed limits;
x Presence of road elements typical for roads with a design speed of 40-50 km/h. No requirements towards the 
control of the design homogeneity of the road;
x A large share of road sections with buildings in its surroundings.
Design parameters of curves typically used on local roads cause significant disproportion of speeds on subsequent 
uniform sections. A study regarding speeds on local roads performed by the authors, confirms the presence of 
vehicles moving with very high speeds in a free-flow traffic, with relatively low technical standard of the road 
Table 2 summarizes a selection of results of speed studies in a free-flow traffic on randomly selected local roads, 
along with a comparison to speeds registered at randomly selected national roads. The studies covered two types of 
road sections, i.e. no more than 1 km long sections with a 90 km/h speed limit (between built up areas with 
a 50 km/h speed limit) and road sections much longer than 1 km, located between built up areas. It turned out that 
the length of the road section with a speed limit of 90 km/h also has an influence on the speed choice.
Table 2. Results of speed measurements in a free-flow traffic on randomly selected roads of different categories – speed limit of 90 km/h.
road
Length of section  < 1 km Length of section > 1 km
Number of 
sections
Average speed 
Va [km/h]
Operating speed
V85 [km/h]
Number of 
sections
Average speed 
Va [km/h]
Operating speed
V85 [km/h]
local 7 56,9 – 76,1 67,6 – 92,7 4 82,3 – 92,1 98,1 – 109,8
regional 6 78,4 – 89,5 95,0 – 109,4 7 88,7 – 93,3 109,4 – 113,6
national 6 76,3 – 87,4 89,9 – 104,0 7 92,1 – 96,1 110,9 -116,5
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Another observation from the conducted research is a large influence of vehicles moving in an opposite direction 
on the speed choice on narrow roads (a width of less than 5.5 m). If there were vehicles traveling in the opposite 
direction to the observed, the registered vehicle speed was decreased by approx. 5 km/h. This phenomenon is easy to 
explain. In case of very low traffic volume and good visibility of the road, a driver takes the entire width of one as 
one lane and develops very high speeds. An appearance of a vehicle from the opposite direction causes physical 
"limitation" of the width of the road and thus speed reduction. An additional conclusion can be drawn that while 
designing local roads and determining the design speed, it is necessary to take into account the traffic volume of the 
vehicles.
It should be emphasized that the posted speed limit is the same for both national and local roads, with very large 
differences in geometrical parameters on these roads, including the parameters affecting traffic safety (radii bends, 
lateral tilting in curves, transition curves). These stated facts indicate a need to change the approach in determining 
the design speed of local roads. Possible solutions include:
x Validation of geometric solutions of roads with use of operating speed, analogous to the methods of designing 
higher class roads. Such a solution requires development of operating speed estimation models which would take 
into consideration specificities of lower class roads.
x Change of the role played by the design speed by making not only the minimal but also the maximal parameters 
dependent on it – speed reduction by means of geometric road solutions.
In this work describes an attempt to develop operating speed prediction models for uniform sections of local roads.
4. Research methods
In the performed analyses, empirical research was carried out on local roads sections with various geometric 
characteristics, and then the collected data was used to develop regression models. The study was performed by 
driving behind a leader, with a Video VBox device manufactured by Racelogic. The appliance allows for speed 
measurement and to determine the coordinates of a moving vehicle using GPS with a 10 Hz frequency, equipped 
with an external antenna and video recording. The high frequency of the GPS device allows to detect speed and 
location changes of the object with very good accuracy, even in the case of temporary loss of the GPS signal 
(Fig. 1).
Video VBox device with three cameras – two overlooking the front and one facing the right hand side – was 
installed in the car, along with the GPS amplifying module and a microphone. The current view and the GPS-
determined speed were controlled on the screen (Fig. 2). The recorded video allows to register the road 
surroundings, as well as the situational course of the road. This type of data was used for road inventory and 
selection of research sections.
Fig. 1. Racelogic Video VBox device (www).
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Fig. 2. A screenshot example of the device used in the research.
County roads characterized by a low volume of traffic, i.e. below 2000 AADT, were selected for the study. 
Speeds of passenger vehicles in a free flow traffic were recorded. The width of the road on selected test sections was 
5.5 m or 6.0 m with unpaved 1.0 m wide shoulders. With such a width of the road there is no significant change in 
speed when cars are passing in opposite directions. These roads had no horizontal markings or had only the edge 
lines. When compared to the national and provincial roads, the analyzed roads are characterized by scantily provided
signs, especially in the curves’ areas.
The chosen test sites were located outside built-up areas and the slope did not exceed 3%. Therefore it can be 
assumed that the speed choice depended only on the type of cross-section and the curvature of the road. On each of 
these sites, multiple vehicle test rides were performed (floating car technique), each time following a randomly 
chosen car. This allowed to register behaviors of various drivers on the same curves and straight sections. The 
research consisted of 100 cars on test sites amounting to a total of 373 km (25 road sections with various length). 
The main parameters measured during the tests, was the momentary speed of the vehicle and the change of its 
coordinates. These values allowed to determine the following data: average speed, 85th speed quantile, location of 
tangents and of curves alongside with their parameters, speed changes on curves and tangents, as well as 
longitudinal slopes. 
Based on the registered coordinates of the moving vehicle, geometric parameters of the route were determined. In 
order to do so, road design supporting software – AutoCad Civil – was used. Coordinates of points registered by the 
GPS device were imported into AutoCad Civil and then by interpolation, the route was re-created by the software. 
Such a procedure allowed to determine the length of the straight sections, deflection and the radii of the curves. 
Then this data was linked to speeds registered along the road at each 1/10 s.
5. Regression speed prediction models
In the analyses aiming at building estimation models of operating speed (identified as the 85th speed quantile) on 
local roads, three types of sections were selected: 
x Straight sections (tangent) of at least 150 m in length. This value was determined based on the analysis of the 
momentary speed. Straight sections longer than these, were characterized by a constant speed value which meant 
that the driver moves at a constant speed after travelling for 150 m in a free flow traffic. In case of shorter 
sections, the speed depended on the distance from the nearest curves and their parameters;
x Sections with single circular curves, where straight sections before and after the curves were longer than 150 m;
x Sections with a series of curves, where straight section between the curves are shorter than 150 m. Such sections 
were selected to assess the influence of series of curves on the operating speed.
Below, in Table 3, a range of values of independent variables, selected to create estimation models of operating 
speed.
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It is assumed that the estimated speed value in each model is a random variable with normal distribution. Models 
predicting speed quantile (V85) of vehicles were developed using the most popular OLS (ordinary least squares)
regression approach (TRB 2011). In order to do this, STATISTICA package for statistical analysis was used, and the 
so-called Stepwise Variable Selection method following the Forward procedure, was used. The Forward method of 
model building relies on selecting explanatory variables by addition of further variables to the optimally selected set. 
The quality of the developed models was evaluated by coefficient of determination, among others.
The general form of the model, consistent with research result was adopted (Baruya, 1998):
V85=a0+a1·x1+a2·x2+…+an·xn (1)
where: a0, a1, …, an – unknown model parameters, directional coefficients for variables, x0, x1, …, xn – observed, 
non-random independent variables.
Models for the dependent variable V85, in which the explanatory variables were scalar variables (i.e. deflection, 
curvature, number of curves, density of driveways, speed parameter) and qualitative variable of cross-section width 
were sought.
Table 3. Range of values of independent variables, selected to develop speed estimation models.
Straight sections (sample: 360)
Variable Range Average
Length of the tangent [km] L 0.150 – 0.840 0.351
Longitudinal slope [%] LS -3.0 – 3.0 0.15
Density of driveways [drv/km] DD 0 - 25 3.3
Road width [m] RW 5.5, 6.0 5,8
Sections with single circular curve (sample: 224)
Variable Range Average
Curve radius [m] R 40 - 520 299.73
Deflection [°] DEF 3.09 - 102.26 24.44
Curvature [°/km] CCRs 71.52 - 1151.66 264.51
85th speed quantile before the curve [km/h] V85,T 46.94 - 108.85 74.55
Curve length [m] CL 19.0 - 285.0 107.78
Road width [m] RW 5.5 - 6.0 5.88
Sections with a series of curves (sample: 119)
Variable Range Average
Length of the tangent [km] L 0.15 - 1.737 0.568
Curvature [°/km] CCR 46.39 - 497.85 170.66
Road width [m] RW 5.5 - 6.0 5.94
Density of driveways [drv/km] DD 0 - 25 3.3
Density of curves in the section [cur/km] DC 1 - 16 3.6
Straight section
The V85 speed prediction model for straight sections takes into account only the width of the road as the 
independent variable (other variables were not statistically significant). The value resulting from the measurements 
indicates the presence of much lower speeds than permitted by the posted speed limit of 90 km/h. This proves the 
offset the risk resulting from a lower standard of the road. The created model indicates a constant value of speed 
which is only dependent on a qualitative variable of road width. It is statistically significant with a p-value = 0.01.
The model is given by the following equation:
V85,T=74.40+1.45·D – 1.45·M (2)
where: for width of 6.0 m the coefficient D=1 and M=0, for width of 5.5 m the coefficient D=0 and M=1
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Section with single circular curves
The V85,S speed prediction model for curves takes into the account variables related to curvature, speed before the 
curve measured or estimated by the model on a straight section (2):
V85,S=17.64+0.74 V85,T – 0.01·CCRs (3)
where:
V85,T – 85% quantile of speed on a straight section before the curve [km/h],
CCRs – curvature of single curve [°/km],
Determination coefficient R2 = 74.8% and the distribution of the observed and predicted values prove good fit of 
the model. Table 4 shows speed model parameters with their statistical significance evaluation. In this model, road 
width proved to be insignificant statistically. In case of low curvature of the road, the operating speed on a curve is 
comparable to the speed at the straight section. The speed on a straight approach section before the curve has the 
greatest impact on the speed on the curve, and this impact is reduced depending on the curvature.
Table 4. Speed prediction model parameters - section with series of curves.
Variable Coefficients Standard error Wald Stat. p-value
Intercept 17.64 3.02 34.04 0.000000
CCRs [°/km] -0.01 0.002 18.47 0.000017
V85T [km/h] 0.74 0.0377 386.98 0.000000
Section with a series of curves
Curvature proved to be a significant variable also in case of operating speed prediction model for road sections 
with a series of curves. Its influence is four times greater than it is in case of single curves, which is a result of short 
straight sections between the curves. The V85 speed prediction model for sections with a series of curves  is given 
by the following formula:
V85,C=79.77 – 0.04·CCR (4)
Table 5. Speed prediction model parameters - section with a series of curves
Variable Coefficients Standard error Wald Stat. p-value
Intercept 79.77 2.362 1140.11 0.000000
CCR [°/km] -0.04 0.012 11.51 0.000694
Determination coefficient R2 = 27,8% indicates a weak fit of the model with the empirical data. Therefore, 
a hypothesis can be drawn, stating that some factors, also random ones, are dominant in the choice of speed on 
sections with a series of curves on local roads. The geometric characteristics of the first curve have the decisive 
influence on the speed choice by the driver, as it is indicated by a high determination coefficient value for the speed 
model for a road section with a single curve.
The results of analyzes, shown above in the form of operating speed prediction models for light vehicles in 
a free-flow traffic, can be used in design practice to: 
x evaluate the probable differences in vehicle speeds on a straight section and on a curve in good atmospheric 
conditions. Speed on a straight section can be estimated using model (2) and the speed on a curve – using model 
(3), (4). Values of the differences of the calculated speeds can be used to classify the risk level of traffic safety 
(based on Lamm (2007) criteria) on the analyzed road section in case of dry surface and selection of curve 
marking. 
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x evaluate the probable differences in vehicle speeds on a straight section and on a curve in bad atmospheric 
conditions. Speed on a straight section can be estimated using model (2) and then reduced by ca. 5 km/h. The 
speed on a curve with a small radius can be evaluated using a common equation balancing forces acting on 
a vehicle on a curve: 0,01•e + f = V2/(127 • R) where: e – rate of superelevation [%]; f – side friction; V – vehicle 
speed [km/h]; R – radius [m].Values of the differences of the calculated speeds can be used to classify the risk 
level of traffic safety on the analyzed road section in case of dry surface and selection of curve marking.
6. Conclusions
Large difference between the actual speeds of vehicles on lower class roads and those assumed at the design 
stage, is one of the important circumstances of the accidents. “Excessive speed” is often mentioned in the police 
records as primary circumstance of an accident, which indicates that the drivers reduce their speeds too late or too 
little while encountering a critical section of the road. Therefore it is advisable to alter the current practice of 
designing local roads and their marking. The changes should include:
x verification of the principles of assuming the design speed. The design speed should be replaced with the concept 
of “the designing speed” and should cover not only the minimal values of the parameters, but also their maximal 
values. This will allow to obtain a sufficiently uniform road image, “adjusting” its class and function.
x introduce an obligation to control geometrical consistency of local roads by means of analysis of V85 speed 
variability along the road. Models created by the authors are the first step to formation of tools permitting such 
control.
x introduction of curve markings matching the risk level, resulting from the driving speed on a straight sections and 
on the curve. This would require variation of local speed limits, depending on the prevailing atmospheric 
conditions. 
x introduction of local speed limits in zones of large differences of estimated operating speeds between 
homogenous sections. 
x it is advisable to take into account safety criteria described by Lamm (2007) with respect to the selection of 
geometric parameters of the newly designed roads, as well as speed management on existing roads by means of 
local speed limits. Due to lack of values of operating speeds on local roads, these values can be estimated using 
the models developed by the authors of this paper. 
Independently from the suggestions stated above, a change of the general 90 km/h speed limit to 70 km/h should 
be considered. Its decrease on local roads could lead to a decrease of cars dispersion. Determination of the speed 
limit on local roads which would comprehensively include traffic safety criteria, minimize the traffic costs and 
protect the environment, requires undertaking of complex and comprehensive research. 
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